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Hippocampal neurogenesis in the adult mammalian brain is modulated by various signals 
like growth factors, hormones, neuropeptides, and neurotransmitters. All of these factors 
can (but not necessarily do) converge on the activation of the G protein Ras. We used a 
transgenic mouse model (synRas mice) expressing constitutively activated G12V-Harvey Ras 
selectively in differentiated neurons to investigate the possible effects onto neurogenesis. 
H-Ras activation in neurons attenuates hippocampal precursor cell generation at an early stage 
of the proliferative cascade before neuronal lineage determination occurs.  Therefore it is unlikely 
that the transgenically activated H-Ras in neurons mediates this effect by a direct, intracellular 
signaling mechanism. Voluntary exercise restores neurogenesis up to wild type level presumably 
mediated by brain-derived neurotrophic factor. Reduced neurogenesis is linked to impairments 
in spatial short-term memory and object recognition, the latter can be rescued by voluntary 
exercise, as well. These data support the view that new cells significantly increase complexity 
that can be processed by the hippocampal network when experience requires high demands 
to associate stimuli over time and/or space.
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via  activation  of  Cav1.2/1.3  (L-type)  channels  and  of  NMDA 
receptors (Deisseroth et al., 2004) mediated by the hippocampal 
GABAergic system (Tozuka et al., 2005). Moreover, recent research 
demonstrates a long-lasting epigenetic modulation in expression of 
neurogenic niche signals via the activity-induced immediate early 
gene Gadd45b, which is expressed in NeuN positive young dentate 
granule neurons. Thus, Gadd45b links neuronal circuit activity to 
region-specific  DNA  demethylation  and  controls  expression  of 
secreted factors like brain-derived neurotrophic factor (BDNF; Ma 
et al., 2009). In general, the involvement of neurotrophic factors like 
BDNF or nerve growth factor (NGF) as well as neurotransmitters 
like GABA or glutamate have been established, now (Li and Pleasure, 
2010; Mu et al., 2010). Additionally, important modulatory roles are 
ascribed to afferent dopaminergic and cholinergic input (Suh et al., 
2009; Itou et al., 2010).
The synRas mouse model
One critical intracellular switch for conveying neurotrophin- or 
growth  factor  signals  is  the  universally  expressed  GTPase  Ras 
(Heumann, 1994). In order to gain more insight into the role of 
Ras in neuronal signal transduction and neurotrophin signaling we 
created a mouse model expressing constitutively activated H-Ras 
(G12V mutated) selectively in differentiated neurons using a rat 
synapsin-1 promoter (Heumann et al., 2000; Figure 1). At the cel-
lular level, chronic activation of H-Ras in adult brain neurons leads 
to enhanced neuronal signaling via the Ras-MAPK pathway but 
does not activate the PI3-kinase/Akt/PKB pathway. Retrospectively, 
In the adult mammalian hippocampus, permanent proliferation 
of progenitor cells provides a lifelong supply of new neurons that 
display enhanced plasticity (Snyder et al., 2001; Kempermann et al., 
2004b; Schmidt-Hieber et al., 2004; Ge et al., 2007b). Although the 
young neurons contribute only to a minor fraction of the dentate 
gyrus (Lagace et al., 2007; Ninkovic et al., 2007), their change in 
excitability during differentiation (Wang et al., 2005) is likely to 
make distinct contributions to learning and memory. However, 
the precise role of the newborn neurons in learning is still under 
debate (e.g., Kempermann, 2008; Amrein and Lipp, 2009; Deng 
et al., 2009; Aimone et al., 2010).
A major portion of these young neurons has only a transient 
existence  undergoing  apoptosis  at  early  stages  of  development 
whereby birth, survival, and differentiation are influenced by count-
less endogenous and exogenous factors (Ming and Song, 2005; Zhao 
et al., 2008). Some factors like age, stress, and glucocorticoids down-
regulate the formation of new nerve cells while others like gonadal 
hormones, several growth factors, or environmental stimulation 
have promoting effects (Zhao et al., 2008; Leuner and Gould, 2010; Li 
and Pleasure, 2010). The impact of factors associated with behavior 
and cognition suggests that the dynamics of adult neurogenesis is 
regulated by surrounding network activity (Kempermann, 2008; Li 
et al., 2009; Deng et al., 2010; Li and Pleasure, 2010). How the activ-
ity level of hippocampal networks is conveyed to the progenitor cell 
population is still unclear. Some evidence exists for activity-depend-
ent restriction on cell lineage development: Excitatory stimuli can 
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rons show a different pattern of glutamate decarboxylase mRNA 
expression compared to wild type siblings though interneurons 
rarely express the H-Ras transgene (Heumann et al., 2000; Patz 
et al., 2009). Both, glutamate and GABA are well described neuro-
transmitters that are involved in the regulation of adult neurogen-
esis (e.g., Wang et al., 2005; Nacher and McEwan, 2006; Ge et al., 
2007a). Interestingly, a switch from an initially excitatory to an 
inhibitory action of GABA (Ge et al., 2006) and the expression of 
NMDAR2B receptors (Ge et al., 2007b) characterize the enhanced 
plasticity of newborn cells in the adult hippocampus.
On the basis of these phenotypic changes in synRas mice the 
study of adult neurogenesis was started, with surprising results.
NeuRogeNesis is dimiNished iN synRas mice
SynRas mice display reduced neurogenesis primarily resulting from 
a diminished proliferation rate of the progenitor cell population 
(Lafenêtre et al., 2010; Manns et al., 2010). This has been demon-
strated by BrdU-injections that revealed a lower number of BrdU-
labeled cells 24 h after the last of 12 injections. A specific reduction 
of the newborn neuronal population has been confirmed by double 
labeling with neuron- and glia-specific markers and by a smaller 
number of doublecortin-positive cells (Table 1; Lafenêtre et al., 
2010; Manns et al., 2010). This effect is exclusive for the adult hip-
pocampus since generation of new cells within the subventricular 
zone is not affected (Manns et al., 2010). Additionally, doublecortin 
immunolabeling also demonstrated impaired dendritic differen-
tiation in neuronal precursor cells of synRas mice as indicated by 
smaller dendritic lengths and a lower number of dendritic seg-
ments (Lafenêtre et al., 2010). Attenuated dendritic growth was 
also detected in Gadd-45b KO mice indicating an essential role 
of Gadd-45b for activity-induced dendritic growth of newborn 
neurons in the adult brain (Ma et al., 2009). Thus, the synRas 
phenotype could be theoretically explained by a downregulation 
of Gadd-45b. However, we do not favor this hypothesis because 
the expression level of a well characterized Gadd-45b target gene, 
BDNF is unchanged in adult synRas cortex or hippocampus (see 
also Discussion below). Furthermore, the level of Ras in neurons 
in vivo appears to represent neuronal activation by environmental 
stimuli (Manns et al., 2005). This would probably lead to a Gadd-
45b upregulation unless a compensatory inhibition of neuronal 
network activity is assumed in synRas mice in response to chronic 
H-Ras activation.
In wild type as well as transgenic animals only a subpopula-
tion of the newborn (BrdU-labeled) cells survives. But the rela-
tive survival rate is significantly higher in synRas mice with 55% 
compared to 37% in wild type siblings (Manns et al., 2010). In 
accordance with the smaller number of newborn cells and their 
higher survival rate, a significantly lower number of cells can be 
detected that express caspase-3, an enzyme that acts as an effector 
of apoptotic cell death (Figure 2A; Table 1). Most caspase-3-immu-
nolabeled cells are located within the subgranular cell layer of the 
hippocampus suggesting that mainly progenitor cells are targeted 
for caspase-3 inhibition in synRas mice rather than “old” neurons. 
This result is in agreement with the observed correlation between 
the number of proliferating and pyknotic cells in rodent species 
(Amrein et al., 2004). In contrast to wild type mice, inhibition of 
progenitor cell proliferation and enhancement of cellular survival 
the most interesting facts about synRas mice in regard to possible 
interactions with neurogenic pathways are outlined below (a list 
of major results, especially from extensive neuroanatomical studies 
can be found in Table 1).
Transgenic activation of H-Ras in post-mitotic neurons pro-
tected them from lesion-induced degeneration (Heumann et al., 
2000; Makwana et al., 2009). This was shown for facial motor neu-
rons after axonal transection as well as for striatal dopaminergic 
neurons of the substantia nigra in response to application of the 
specific dopaminergic neurotoxin N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). Furthermore, dopamine synthesis is 
enhanced due to higher activity of tyrosine hydroxylase (TH; the 
rate-limiting enzyme for dopamine synthesis). Dopamine has been 
shown to be an important transmitter in hippocampal precursor 
cell proliferation since administration of the dopamine reuptake 
inhibitor cocaine leads to diminished proliferation but no changes 
in survival of adult-formed neurons (Dominguez-Escriba et al., 
2006). Moreover, choline acetyl transferase (ChaT; the rate-limiting 
enzyme for acetylcholine synthesis) activity is enhanced in facial 
motoneurons (Heumann et al., 2000).
Glutamate synthesis and turnover is also increased in the brain 
of synRas mice (unpublished observation) and spontaneous AMPA 
receptor-mediated excitatory post-synaptic currents are more fre-
quent in cortical neurons (Arendt et al., 2004). GABAergic interneu-
FiguRe 1 | H-Ras is a cytoplasmatic membrane-anchored intracellular 
protein cycling between the inactive gDP-bound and the signaling active 
gTP-bound conformation. Due to a glycine to valine point mutation at amino 
acid 12, Ras GTPase activation by an arginine residue of the GTPase activating 
protein (GAP) is prevented (Ahmadian et al., 1997), hence leading to a 
permanent activation of H-Ras (A). Elements of the bicistronic transgene 
construct consist of the mutated V12-H-Ras gene and the LacZ-reporter gene 
connected by an internal ribosomal entry site (IRES) so that the H-Ras 
transgene product and β-galactosidase are synthesized by the same cell giving 
rise to separate proteins. Both are expressed under the direction of the 
neuron specific synapsin I promoter (B).www.frontiersin.org  February 2011  | Volume 5  | Article 18  |  3
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neurons as shown by inhibition of neurotrophin-induced survival 
after intracellular application of Ras-neutralizing monoclonal anti-
body or its non-crosslinking Fab-fragments (Borasio et al., 1989, 
1993; Heumann, 1994) Accordingly, enhanced survival of new-
born neurons might reflect the neuroprotective action of elevated 
intracellular H-Ras activity although it cannot be excluded that 
H-Ras-activated neurons secrete factors other than BDNF, which 
also contribute to survival effects in synRas animals. However, 
the synapsin-1 promoter driven H-Ras-transgene expression is 
confined to differentiated cells (Figure 1B). Thus, decreased early 
precursor cell proliferation must represent an indirect effect of the 
activated H-Ras transgene protein. Its expression has been shown to 
be repressed in nestin-positive neuronal precursors (Chakrabarty 
et al., 2007). This in turn points to the presence of signals derived 
is more pronounced in male compared to female synRas mice. This 
sex difference suggests a modulation of the H-Ras-mediated effects 
by gonadal hormones (Manns et al., 2010).
TRaNsgeNe expRessioN iN diffeReNTiaTed NeuRoNs 
affecTs miToTic acTiviTy of eaRly pRogeNiToR cells
Our BrdU-labeling studies have shown that H-Ras activity has a 
suppressive effect on the formation of new hippocampal neurons. 
This difference presumably reveals direct and indirect actions of 
the transgene protein product. On the one hand, H-Ras-transgene 
expression shields nerve cells from lesion-induced degeneration 
(Heumann et al., 2000; Chakrabarty et al., 2007; Makwana et al., 
2009). There is previous evidence indicating that intracellular 
H-Ras activation has a cell-autonomous effect in dissociated single 
Table 1 | Summary of the synRas phenotype.
A. STRucTuRAl PHeNoTyPe
Adult neurogenesis   
  Dentate gyrus  Reduced formation of new cells [1]  Reversible by voluntary exercise [2]
  Reduced DCX positive immature neurons [1]  Reversible by voluntary exercise [2]
  Reduced dendritic arborization of DCX positive immature neurons [2]  Reversible by voluntary exercise [2]
  Reduced caspase-3 positive cells 
  Subventricular zone  Not affected [1] 
Adult brain   
  Whole brain  14,5% increase of total brain volume [3] 
  Hippocampus  Hypertrophy [7] 
  Increased perikaryal size of pyramidal neurons in CA2/CA3 and dentated gyrus [7] 
  Expansion and increased complexity of dendritic arbors of CA1 pyramidal neurons [7] 
  Increase in basal dendritic size of CA1 pyramidal neurons [7] 
  Enlarged dendritic surface of CA1 pyramidal neurons [7] 
  Cortex  Increased cortical brain volume [3] 
  Increased some size of layer V neurons [3] 
  Perikaryal hypertrophy of pyramidal cells in layers II/III [4,8] 
  Expansion and increased complexity of dendritic arbors of layers III/V pyramidal cells [4] 
  Elevated apical and basal spine density in layers II/III/V pyramidal neurons [4, 6] 
  Twofold increase in synapse count [4] 
  Enhanced number of docked synaptic vesicles in layers II/III [5] 
  Rarely transgene expression in various interneuronal subsets [8] 
  Transient somatic hypertrophy of interneurons [8] 
  NPY expression strongly upregulated [8] 
  Parvalbumin, Kv3.1b/3.2 and GAD-65 expression not altered [8] 
  GAD-67 expression declines with age in layer VI [8] 
Cerebellum  Soma size of Purkinje cells is not affected [3] 
B. BeHAvioRAl PHeNoTyPe
Assessment method
Memory   
  Spatial short-term  Radial arm maze   Impaired [1]
  Spatial reference  Morris water maze  Normal [1]
Object recognition  
  Novel object recognition task  Lack of interest for novel objects,  
    reversible by voluntary exercise [2]
Anxiety   
  Elevated plus maze/open field/dark light box  Normal [2]
[1] Manns et al. (2010), [2] Lafenêtre et al. (2010), [3] Heumann et al. (2000), [4] Arendt et al. (2004), [5] Seeger et al. (2005), [6] Gärtner et al. (2005), [7] Gärtner et al. 
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type-2a cells at the transition between the glial and the neuronal line-
age (Kronenberg et al., 2003; Kempermann et al., 2004a; Steiner et al., 
2006). While the number of BrdU-positive cells increases within 24 h 
in wild type animals, their number remains constant in synRas siblings 
(Manns et al., 2010, Figure 2B). Since BrdU has only a very short 
bioavailability of 15 min up to 2 h (Hayes and Nowakowski, 2000; 
Mandyam et al., 2007), changes in the number of BrdU-labeled cells 
result from the mitotic activity of progenitor cells that have incorpo-
rated BrdU at the time of injection. Accordingly, unchanged numbers 
of BrdU-positive cells in synRas mice suggest a low mitotic activity of 
progenitors in synRas mice. Thus, our data support the hypothesis that 
from the existing hippocampal circuitry as a secondary conse-
quence of H-Ras-transgene expression in differentiated neurons 
(see “Working Hypothesis” in red in Figure 2C). Neuron-derived 
feedback regulation of precursor cells has also been suggested by 
Hastings and Gould (2003) in the olfactory system.
Pulse-injections with BrdU have demonstrated that the synRas 
activity inhibits neurogenesis already at an early precursor stage of the 
cell lineage. Two hours after a BrdU-pulse, the density of BrdU-labeled 
cells is significantly lower in synRas mice compared to wild type sib-
lings (Figure 2B; Manns et al., 2010). At this time point, the major 
BrdU-labeled cell population represents normally highly proliferative 
FiguRe 2 | Density of caspase-3 immunoreactive (ir) cells within the 
dentate gyrus in wild type and synRas mice (A). Density of BrdU 
immunoreactive cells within the dentate gyrus 2 h and 24 h after pulse injection 
(200 mg/kg BrdU) (B). Bars represent means ± SEM (*p < 0.05, **p < 0.01 
according to Mann–Whitney U-tests). (c) Working hypothesis for the 
mechanisms of changes in neurogenesis in synRas mice. For the observed 
blockade of proliferation a negative feedback inhibition from mature newborn or 
old neurons to early progenitor cells is conceivable (red) or alternatively a 
depletion of early progenitors is possible (green, left) by enhancement of 
progression into mature neurons driven by H-Ras signaling activity in newborn 
post-mitotic neurons (green, right; figure modified from data by Kempermann 
et al., 2004a, and Attardo et al., 2010).www.frontiersin.org  February 2011  | Volume 5  | Article 18  |  5
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Most interestingly, the inhibitory effect of H-Ras transgene 
expression can be overcome by voluntary exercise that is well known 
to stimulate adult cell proliferation specifically in the dentate gyrus 
(Van Praag et al., 1999; Brown et al., 2003). In synRas mice, running 
increases proliferation of newborn cells in the dentate gyrus up to 
control level and restores the morphological deficits of doublecort-
in-positive neurons (Lafenêtre et al., 2010). It has been shown that 
running stimulates the quiescent Sox-2 positive precursor cell pool 
(Lugert et al., 2010). Therefore, the results obtained from the run-
ning experiments indirectly point to the hypothesis that more Sox-2 
cells are in a quiescent state in synRas mice and further supports 
that proliferation is attenuated at an early stage of the cell lineage 
in synRas mice. It has been recently observed that the running-
induced effects on proliferation appear to be independent of Notch 
activity while running-induced survival and enhanced cell cycle exit 
of type-3 progenitor cells might be mediated by Notch1 activity 
(Brandt et al., 2010). H-Ras leads to an activation of Notch signaling 
and downregulation of tumor suppressor activity in transformed 
cells (Gustafson et al., 2009). Thus, activation of Notch signaling 
in neurons remains as another hypothesis to explain the synRas 
neurogenesis phenotype.
Newborn doublecortin-positive neuronal precursor cells express 
the BDNF receptor TrkB (Lafenêtre et al., 2010) and its expres-
sion is required for an efficient immature-to-mature neuronal 
transition in the dentate gyrus (Bergami et al., 2008). Accordingly, 
BDNF infusions increase the number of newborn cells of the adult 
hippocampus (Scharfman et al., 2005). In turn, voluntary physi-
cal activity augments BDNF mRNA and protein levels (Berchtold 
et al., 2001; Johnson et al., 2003; Adlard et al., 2004; Lafenêtre et al., 
2010). Moreover, a nestin-specific knock down of TrkB in early 
proliferating cells prevented the exercise-induced changes in the 
hippocampus (Li et al., 2008).
Basic level of BDNF mRNA and protein do not differ between 
wild type and synRas mice while running increases BDNF in both 
groups. This suggests that BDNF does not mediate the inhibitory 
synRas effects onto proliferation of hippocampal precursor cells 
in non-running animals but supports its role as a mediator of 
physical exercise (Lafenêtre et al., 2010). BDNF is secreted in an 
activity-depended manner (Canossa et al., 2001; Lessmann et al., 
2003) and stimulates the cell division of early proliferating cells 
(Chan et al., 2008; Li et al., 2008). In general terms, an environ-
mental stimulus that specifically elevates BDNF may enhance 
proliferation of progenitor cells and thereby may counteract 
inhibitory signals or depletion effects derived from differenti-
ated cells (see Figure 2C).
cogNiTive impaiRmeNTs of synRas mice
The reduced pool of newly generated nerve cells in synRas mice 
is related to cognitive impairments in hippocampus-dependent 
tasks. SynRas mice do not display principal deficits in learning or 
memory since spatial reference memory as demonstrated in the 
Morris water maze does not differ from wild type siblings (Manns 
et al., 2010). This finding is in line with several other models dis-
playing decreased neurogenesis (Leuner et al., 2006; Tashiro et al., 
2007). In general, impairments emerge with increasing complexity 
of behavioral tasks (Wojtowicz et al., 2008; Clelland et al., 2009; 
Aimone et al., 2010).
the transgenic activation of H-Ras in differentiated neurons specifi-
cally attenuates mitotic activity of the early type-2a cells (Kronenberg 
et al., 2003). This may be investigated by determination of precursor 
cell numbers at particular stages using markers such as GFAP, Sox-2, 
DCX, and NeuN. The effect on early proliferating cells is specific 
for the mature hippocampus in synRas mice since the ontogenetic 
generation of nerve cells is unimpaired (Heumann et al., 2000) and 
importantly, the number of newborn cells in the subventricular zone 
is not changed (Manns et al., 2010).
Adult hippocampal progenitors reside in a microenvironment 
of complex neuronal networks. Within this neurogenic niche, the 
progression from neural precursor cells to mature neurons is tightly 
controlled by coordinate cell-intrinsic programs and external sig-
nals and numerous molecular pathways have been identified par-
ticipating in the regulation of adult progenitors (Lledo et al., 2006; 
Mu et al., 2010).
An important pathway in regulating stem cell self renewal is the 
wnt/catenin pathway (Gage, 2010). Overexpression of wnt increases 
hippocampal neurogenesis while blockade of wnt signaling reduces 
it (Lie et al., 2005). It might be worth investigating if the decreased 
proliferation of early progenitors in synRas mice is due to a crosstalk 
between the wnt/β-catenin pathway and precursor cell marker Sox-2 
(see Gage, 2010). Moreover, in post-mitotic neuronal H-Ras acti-
vation increases GSK3β levels in synRas mice (Holzer et al., 2001). 
Phosphorylation of β-catenin by GSK3β is part of the canonical 
wnt signaling pathway (Willert and Nusse, 1998) and it remains to 
be analyzed if deficiencies in aspects of dendritic development in 
newborn neurons of synRas mice are associated with changes of wnt 
signaling in post-mitotic neurons (Zhang et al., 2011).
In addition, other factors might play a role: blockade of bone 
morphogenetic protein (BMB) by application of noggin initially 
increases neurogenesis but subsequently leads to a decreased stem 
cell division and depletion of precursors (Mira et al., 2010). Thus, 
depletion of precursors by chronic stimulation of growth factor 
signaling pathways in post-mitotic neurons is another hypothesis 
to explain the synRas phenotype (see Figure 2C, green). Similarly, 
sonic hedgehog elicites proliferation and pharmacological inhibi-
tion of sonic hedgehog signaling reduces it suggesting that regu-
lation of sonic hedgehog is another candidate for the regulatory 
mechanism in synRas mice (Lai et al., 2003). Furthermore, inflam-
matory processes have been described to regulate neurogenesis. As 
neuronal H-Ras supports an anti-apoptotic phenotype the role of 
pro-inflammatory proteins such as release of interferon gamma 
might be considered as well in synRas mice (Li et al., 2010).
Sex differences in the suppressive effect on neurogenesis in syn-
Ras mice suggest the interaction of H-Ras transgene protein with 
gonadal hormones (Galea et al., 2006; McEwen, 2010). In female 
rodents, acute administration of estradiol increases cell prolifera-
tion (Tanapat et al., 2005; Barker and Galea, 2008). Since estradiol 
can directly affect estrogen receptor-expressing hippocampal pre-
cursor cells (Isgor and Watson, 2005), suppressive synRas effects 
might be attenuated by estradiol leading to a higher number of 
newborn cells in females compared to males. Testosterone con-
versely up-regulates survival of newborn cells specifically in males 
(Spritzer and Galea, 2007). Therefore, testosterone might cause the 
enhanced neuronal survival in male synRas mice by amplifying cell 
protective effects of the H-Ras-transgene.Frontiers in Neuroscience  | Neurogenesis    February 2011  | Volume 5  | Article 18  |  6
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